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1 Quas-Elastic Scattering

1.1 Introduction

Quasi-elastiscatteringnakesup thelargestsinglecomponenof thetotal »—N in-
teractionratein thethresholdregime £, < 2 GeV. Precisiormeasuremertf the
cross-sectioffior thisreaction jncludingits enegy dependencandvariationwith
targetnuclei,is essentiato currentandfuture neutrino-oscillatiorexperiments.

1.2 Form-factorsin Quasi-elastic Scattering

MINERvA's large quasi-elasticampleswill probethe ? responsef the weak
nucleoncurrentwith unprecedentedccurag. The underlyingV-A structureof
this currentincludevectorandaxial-vectorform-factors.The essentiaformalism
is givenin referencdl].
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whereq = k, — ky, £ = (up — 1) — pn, andM = (m, + m,,)/2. Here, u, and
1, arethe protonandneutronmagneticnoments.The pseudoscalefiorm factor
is notshown sinceit is smallfor v,.
Thevectorpartof thismatrixelementanbeexpressedisingGh,(¢?), G%(¢?),

G%(¢%), and G%(¢%). It hasbeengenerallyassumedhat the form-factorsg?

< pp2)|JY Inlp1) >=T(p2) | Fv(¢°) +
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dependences describedyy thedipoleapproximation.
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G =Gple®), Gp=0, G =mGn(e"), Gl =mGo(d).

As discussedelow, the dipole parameterizatiots far from perfect. MINERvA

will be ableto measuredeviationsof F4 from this form. In general,the axial

form-factor F4(¢?) canonly be extractedfrom quasi-elastimeutrinoscattering.
At low ¢? (belaw 0.1 (GeV/c)?, its behaior canalsobeinferredfrom pion elec-
troproductiondata.)

Gp(q®) =

1.2.1 Vector Form-factors

Electronscatteringexperimentsat SLAC andJefersonLab (JLab)have measured
the proton and neutronelectromagnetigvector) form-factorswith high preci-
sion. The vectorform-factorscanbe determinedrom electronscatteringcross-
sectionsusing the standardRosenbluthseparatiortechnique[?, which is sensi-
tive to (two-photon)radiative correctionspr from polarizationmeasurementss-
ing the newer polarizationtransfertechnique[3 Polarizationmeasurementdo
not directly measuregform-factors,but ratherthe ratio Gg/G,;. Recently dis-
crepanciesn electronscatteringneasurementsf somevectorform-factorshave
appearedstudyof quasi-elasticeactionan MINERvA may help revealthe ori-
gin thesediscrepaciesFigure 1 shavs the BBA-2003 (Bodek, Budd, Arrington
2003)fits to G%,/dipole. Thereappeardo be a differencebetweenthe two dif-
ferentmethodsof measuringhis ratio. The newer polarizationtransfertechnique
yieldsamuchlower valueat high Q? andindicatesa differencebetweertheelec-
tric chage and magnetizatiordistributions. The polarizationtransfertechnique
is believedto be morereliableandlesssensitive to (two-photon)radiatve effects
from two-photoncorrections.In addition,Figure 1 showns thatdipole amplitudes
provide only afirst-orderdescriptionof form-factorbehaior at high Q2. In gen-
eral,thesedeviationsaredifferentfor eachof the form-factorsandare shaovn in
referencd4] .

If the electricchage andmagnetizatiordistributionsof the protonareindeed
different, a test of the axial form-factors high<Q? shapecan provide important
new input to helpresohe differencedetweenrelectronscatteringneasurements.
As discussedelov, MINERvA will be ableto accuratelymeasurethe high-Q?
behaior of F4.

To getthe correctneutrinocrosssectiong4], the input form-factorsmustbe
correct. The Q? distribution as measuredn neutrino scatteringis sensitve to
both the vectorand axial form factors. However, usinganincorrectaxial form
factorto matchthethe@Q? distributionin neutrinoscatteringo accounfor theuse
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Figurel: The (BBA-2003)fits to G%,/Gp, usingcrosssectiondataonly (solid),

andwith boththe crosssectionandpolarizationtransferdata(dashed).The dia-

mondsarethe from Rosenbluthextractionsandthe crossesrethe Hall A polar

izationtransferdata. Note that Bodek-Buddand Arrington properlydo thefit to

measuredrosssectionsyatherthanfitting directly to the extractedvaluesof the
Rosenbluttextractedvaluesof G, shavn in thefigure.

of incorrectold dipole vector form-factorscauseghe calculatedneutrinocross
sectionto beoff by 6-8%. Therefore pnemustusebothupdatedrectorandbetter
measureaxial form factors. MINERvA will measurehe Q? dependencef F,
in neutrinoscatteringandcomparethe calculateccrosssectionwith themeasured
crosssection.

1.3 Axial Form-factor of the Nucleon

Neutrino scatteringprovidesthe only practicalroute to precisionmeasurement
of the axial form-factorabose @ = 0 andthe functionalform of F4(Q?). The
fall-off of the form-factor strengthwith increasing@? is traditionally parame-
terized (approximately)using an effective axial-vector massM 4. Uncertainty
in the value of M, contributesdirectly to uncertaintyin the total quasi-elastic
cross-section. Earlier neutrino measurementsnostly bubble-chambeexperi-
mentson deuterium extractedM 4 usingthe bestvectorform factorsandinputs
andmodelsavailableat the time. Changingtheseinput assumptionghangegshe
extractedvalue of M 4. Hence,precisionextractionsof M, and F4 requireus-
ing the bestpossiblevector form-factorsand coupling constants. The value of
M, is ~ 1.00 GeV/c? to anaccurag of perhaps%. This valueagreeswith the
theoretically-correctedaluefrom pionelectroproduction[p 1.014 + 0.016 GeV/c?.
Thefractionalcontritutionsof Fyu, G%,, G%,, G%,, andG?%, to the Q? distribu-



tion for quasi-elastimeutrinoandanti-neutrincscatteringcrosssectionsn enegy

rangeof theNuMI beamareshownn in Figure2. Thecontributionsaredetermined
by comparingthe BBA-2003 cross-sectionsvith andwithout eachof the form-

factorsincluded. MINERvA will bethefirst systematicstudyof F,4, which ac-

countsfor roughly half of the quasi-elasticross-sectiongver the entirerangeof

Q? shown in thefigure.
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Figure2: Fractionalcontritutionsof G%,, G%,, G%, G%, and F4 to the @? distri-
butionsfor quasi-elasticeutrinosamplesn the enegy rangeof the NuMI beam.
Becauseof interferenceierms,the sumof the fractionsdoesnot necessarilyadd
upto 100%.

1.3.1 Physicsof Vector and Axial Form Factors

In deepinelasticchagedcurrentscatteringrom quarks the vectorandaxial cou-
plings areequal(V-A). Similarly, in electronscatteringfrom quarks(vectorcur-
rent), thereis awell definedratio betweenelectricandmagneticscatteringirom
point-like dirac quarks. At low momentumtransfersall of theserelationsbreak
down. For examplein quasielasti@ndresonanc@roductionat very low momen-
tum transfers the chage and anomalousnagneticmomentsof the neutronand
protonmeanghattheratio of electricandmagneticscatteringor the vectorcur-
rentis not the sameasit is for free quarks. Similarly, from neutrondecay we
know thatg,(Q? = 0) = 1.267 insteadof 1.0, sovectorandaxial scatteringare
notequalat Q?=0.

Thereare currentefforts by lattice gaugeprogramsto calculatedthe anoma-
lous vector and axial magneticmomentsof the proton and neutronandthe Q?



dependencef all the form factorsboth the low andhigh Q? regions. The nor
malizationof the magneticform factorsat ()?=0 are constrainedo be equalto
the chage andanomalougvectorandaxial) magneticmoment.The slopeat low
@Q? is relatedto the meansquarechage radiusof the protonand neutron. The
dipole form assumeshat the chage and magnetizatiordistributions of the var
ious typesof quarksand antiquarkshave an exponentialform. For ? aboe
0.5-1.0(GeV/c)? this non-relatvistic picturebreaksdown. Thefactthattheratio
Ge/uGm is 1.0 at low Q? implies that the chage and magnetizationdistribu-
tion of the protonarethe same.Thefactat at higher@? theratio becomesnuch
smallerimpliesthatthis picturebreaksdown, andmoresophisticateanodelsneed
to beused(e.qg.latticegaugetheoriesetc.). Thereforeameasuremerdf the axial
form factorover a wide rangeof ? is of greatinterest.In this section,we shav
thesensitvity of the MINERVA experimentto threedifferentmodelsof the axial
form factor:

(1) Model 1: A simpledipoleasis currentlyusedfor themagnetidorm factor
of theproton(exceptfor thefactthatthe axial andvectorradii aredifferent). This
is the currentstandarcassumption.

(2) Model 2: A modelin whichtheratio to thedipole of the axial form factor
is thesameastheratioto dipole of the electricform factorof the protonandgoes
down with Q2.

(3) Model 3: A modelbasedon duality, which requiresthe axial andvector
partsfor Wlastic to be equalabore Q?=0.5 (GeV/c)?, and thereforeincreases
with Q?, asdescribedriefly in the next section.

1.3.2 Quark-Hadron and local Duality

In modernlanguagethe conceptof quark-hadrorduality canrelatedto the mo-
mentumsumrule in QCD, andvariousothermomentsof the structurefunctions.
It hasbeenshovn by BodekandYangthatwith the inclusionof target masscor-
rections,NNLO QCD describeDIS andthe averageof resonancelataall the
way down to Q%?=0.5(GeV/c)?. The conceptof local duality impliesthatthein-
tegral of the QCD predictions(including target mass)in the thresholdregion up
to pion threshold shouldbe equalto the integral of the elasticpeak. Therefore,
sincefor QCD, the vectorandaxial contributionsto W; andW, areequal,local
duality predictsthat vectorandaxial part of the quasielastidorm factorsshould
becomeequalaround@?=0.5 (GeV/c)?. This meansthatthe dipole form must
breakdown for bothvectorandaxial form factors.

Thevectorandaxial componentsf Wlestic becomeequalat@? ~ 0.5(GeV/c)?
for both BBA-form factorsanddipoleform factors.Therequirementhatthis ra-
tio of vector/axialremainsequalto 1.0 for higher@? yields a definite prediction
thatthe axial form factoris a factorof 1.4 timesthe dipole predictionat higher

Q.



1.3.3 Measurement of the axial form-factor in MINERvA

Figure3 shavs atypical quasi-elasti@vent,assimulatedn MINERVA.

MIMNERYA SIDE WIEW Run @ Event 20 Int Type QF
CCANG 1 Mech, nu—n
Vertex (0.0, 0.0,1336.3)
FHEU 14 { 0.0000,0.0000,2 2268,2 3268 )
PLEF 13 { —.6252 —47%8,1.5804,1.7691 )
% 0,952 q2 0817 v 0.205 w2 0.8383

Figure 3: A simulatedchaged-currentquasi-elastianteractionin MINERvVA.
Theproton(upper)andmuon(lower) tracksarewell resohed. In this display hit
sizeis proportionalto enegy losswithin a strip. Theincreaseanepgy lossof the
protonasit slowsandstopsis clear Notethatfor clarity theouterdetectothasnot
beendrawvn.

In vn — u~p, the outgoingproton carriesa kinetic enegy thatis approxi-
matelyQ?/2My. Sofor low Q?, the challenges identifying eventswith a very
soft recoil proton;for high 2, this protonis high enegy andmay interactin the
detectoy makingparticleidentificationmorechallenging. The main stratgiesof
thecurrentanalysisare:

e At low ()%, acceptquasi-elasticandidatesvith a single (muon)track,and
discriminatefrom backgroundy requiringlow actwity in theremaindeiof
thedetector

e At higher@?, reconstrucboth the protonandthe muon,andrequirekine-
maticconsisteng with z = 1 andpy = 0
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Figure4: The fraction of hits associatedvith the muon andthe proton tracks
in quasi-elasticcandidates.The eventsfor the plot may have have one or two
vertex tracks, passadditional kinematic requirementand are requiredto have
0.1 (GeV/e)? < Q? <1 GeV2.

Simplecutsderving from theseideasallow for reasonablefficiency with good
purity, evenathigh Q2.

The analysisdescribedher usesthe NEUGEN generationand the hit level
MINERvA simulationandtrackingpackagen orderto simulatesignalselection
andbackgroundrocesses.

Theinitial eventidentificationproceedsy requiringoneor two tracksin the
activetamet. Oneof theseracksmustbelongrange(400 g/cn?) asexpectedrom
amuon. If asecondrackformsa vertex with this track, it is assumedo be the
proton. No othertracksareallowedto be connectedvith this eventvertex. The
muontrack momentumis reconstructedvith a fractionaluncertaintyof between
10—20%.

In the low Q? casethe protontrack (if found)would be effectively required
to loseenegy by rangesinceonly a limited amountof detectoractvity not as-
sociatedwith the primary tracksis allowed by the event selection. We attempt
to recover someof the lost efficiengy at higher Q? dueto this cut by allowing
hits on tracksnearthe protontrack to be associatedvith the protontrackitself.
Figure4 shows thefractionof hits not associateavith the leptonor protonin the
guasi-elastieventsandin expectedbackgroundgrocessed-or higherQ? eventsa
similarrequirementouldin principlebeapplied,butit is notparticularlyeffective



nor efficient.

Theenegy of theprotonfor thehigh Q? casgwheretheprotonalmostalways
interacts)s reconstructedalorimetricallywith anexpectedractionalenegy res-
olutionthatis well parameterizely 35%/ . / Eproton -

Although muonsareidentified by requiringa singletrack with a long range
in the detectoy no attemptwasmade(in this initial analysis)to improve particle
identificationby requiringa dE/dxz consistenwith the muonor proton tracks.
Thisrequirements expectedo be particularlyeffective for protonsof O(1) GeV
momentum, andsucha requirementanbe optimizedto improve the analysisin
thefuture. In addition,it maybe possibleto improve the efficiency by allowing a
lower rangemuonwith adE/dz requirementvithout sacrificingpurity.

If a quasi-elastignteractionis assumedopne canreconstructhe eventkine-
maticsfrom only the momentumanddirectionof thefinal stateu:.. Neglectingthe
bindingenegy of thefinal stateproton,

m2
pQE _  MyE, -7
v My — E, +p,cost,

If aprotontrackis requiredandits angleandenepgy aremeasuredpnecanaddi-
tionally requireconsisteng with the quasi-elastidypothesisTwo constraintsare
possible,oneon the x of the reconstructednteractionandone on the p; of the
obsenedfinal state.

If theinteractionis truly quasi-elasticthenz = 1, andthereforeQ)? = 2Myv
wherev = E} .4 - Myucieon, aNdE}Lqq iStheenepgy of thehadronidinal state.In this
analysiswe testthis by comparing@? reconstructedrom the leptonkinematics
underthe quasi-elastichypothesigo 2Myv andforming (Q2 — 2Myv)/error
wherethe dominantpart of the calculatederror for this term comesfrom the
smearingof hadronicfinal stateenegy. Figure5 shaws this Q? differencesignif-
icancefor two track quasi-elasticandidatesvith obsened1 (GeV/c)? < Q? <
3 (GeV/c)?, for quasi-elasticresonanc&ndDIS events. Note that this cut can
be appliedwithout identifying a protontrackif the visible enegy, lessthe muon
eneqgy, is assumedo bevw.

The Q? significanceg(z) cut doesnot useinformationon the protondirection,
and so we imposea secondkinematiccut on the p” of the final staterelative
to the incoming neutrinodirection. This selectionrequiresthat a proton track
is identified andwe cut on the significanceof the differencefrom pr = 0. We
imposeacutof p’' /error <2 exceptfor Q% > 3 (GeV/c)?, for whichthecutis 3.
Notealsothatif we imposeap’ cutfirst, the Q? differencecut still improvesthe
result,i.e. bothcutsareneeded.

In summarytheselectiorrequirementsor quasi-elasticandidatesire:

e Oneortwo tracksfor Q? < 1 (GeV/c)? andtwo tracksfor Q? > 1 GeV?.

!seeSection15.5.50f the mainproposal
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Figure5: The significanceof the differencebetween? from the quasi-elastic
hypothesisand@? from thefinal stateenegy

Onetrackmusthave 400 g/cn? range(muon).

(Qi —2Mv)/(error) < 2.

or > 0.85,for 0.5 GeV? < Q% < 1.0 GeV2

o
o
o
3 (GeV/c)?.
o
134 Results

pr/(error) < 2 for Q* < 3 (GeV/c)* andpr/(error) < 3 for Q* >

Hit fractionassociate@vith muonandproton> 0.9, for Q? < 0.5 (GeV/¢)?,

Table 1 shaws the efficiency and purity of the quasi-elasticcamplefor different
Q? bins after eachcut. Using theseefficiengy and purity, we have determined
uncertaintie®n F4 to includeefficiency or backgroundeffects.

Figure 6 shavs predictionsfor the crosssectionassumingthe BBA-2003
Form-factors,with the M4 = 1.00 (GeV/c)?. The predictedMINERVA points
areshavn alongwith their expectederrors. The MIPP experimentwill be mea-
suring the particle productionoff the MINOS target. From this, we expectan
additionaloverall errorof 4% from the flux. Figuresé summarizecurrentknowl-
edgeof neutrinoquasi-elasticross-sectionsAmongtheresultsshavn, thereare
typically 10—20%normalizationuncertaintiesrom knowledgeof thefluxes. This
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v+n - p+pu, BBA-2003 Form Factors, m,=1.00
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Figure 6: The QE neutrinocrosssectionalong with datafrom variousexperi-

ments.Representate calculationsareshovn usingBBA-2003form factorswith

M, = 1.00 GeV/c?. Thesolid curve usesno nuclearcorrectionwhile thedashed
curve [6] usesa Fermigasmodelfor carbonwith a 25 MeV bindingenegy and
220 Fermi momentum. The dotted curve is the predictionfor carboninclud-

ing both Fermi gasPauli blocking and the effect of nuclearbinding on the nu-

cleonform factors[7](boundedform factors). The predictedMINERvA points
areshovn. The datashown in the bottomplot arefrom FNAL 1983[8], ANL

1977[9], BNL 1981[10], ANL 1973[11], SKAT 1990[12], GGM 1979[13],

LSND 2002[14], Serpulov 1985[15], andGGM 1977[16]. Thedatahave large
errorsandareonly mamginally consistenthroughouthe E, range.
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1 Q2 — 2Mv)lerr pr lerr Hits
Q? bin | Effic Purity | Effic  Purity | Effic Purity | Effic  Purity
0.1-0.5/ 0.926 0.246| 0.918 0.442 | 0.866 0.559| 0.775 0.842
0.5-1|0.775 0.199|0.765 0.410 | 0.624 0.486| 0.528 0.685
1-2 | 0.600 0.199| 0.541 0.416 | 0.397 0.555| 0.338 0.598
2-3 | 0.456 0.146| 0.400 0.375 | 0.344 0.554|0.278 0.676
3-10 | 0.689 0.123| 0.600 0.310 | 0.467 0.420| 0.311 0.700

Tablel: Efficiengy andpurity in Q? binsfor quasi-elasticandidates

Figure7: Estimationof F4 from a sampleof Monte Carlo neutrinoquasi-elastic
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¢ ANL 82, D,, Miller et al.

— dipole, M,=1.014 GeV

99 - Axial=Vector/dipole (F1)
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Q® (GeV/c)?

4

eventsrecordedn the MINERvA active carbontarget. Here,a puredipole form
for F, is assumedwith M, = 1.014 GeV/c%. The simulatedsampleand er-

ror barscorrespondo four yearsof NuMI running. Also showvn is F4 extracted

from deuteriumbubblechambelexperimentausingthedo /dg? from the papersof

FNAL 1983[8] BNL 1981[10], andANL 1982[17]. Also shown is the expec-

tationsfrom Model 2 (dashedine) andModel 3 (dottedline) for the axial form

factor
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QE scattering, v, F,(Q%)/dipole, M,=1.014 GeV
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Figure8: Extractedvaluesof F(q?)/dipole for deuteriumbubble chamberex-
perimentsBaker et al. [10], Miller et al. [17], and Kitagaki et al. [8].
MINERvA the projectedresults are shavn for three different assumptions:
F,/dipole=G%,/dipolefrom crosssection(modell), F4 /dipole=G*%, /dipolefrom
polarization (model 2) and the expectationfrom the model basedon duality

o BNL 81, D,, Baker et al.
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(model3). TheMINERvA errorsarefor a4 yearrun.
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plot shaws thatexisting measurementsave large errorsthroughouthe E, range
accessibléo MINERvA andespeciallyin the thresholdregime which is crucial
to future oscillationexperiments.

Figure 7 shows the expectedvaluesand errorsof Fy4 in bins of Q? for the
MINERvA active carbontamget,for afour-yearexposurein the NuMI beam.The
methodto extract F'4 from do/dg? is givenin referencg19]. Clearlythe high-Q?
regime, which is inaccessibléo K2K, MinibooNE andJ-FARCnu, will be well-
resohedin MINERvA. Figure8 shav theseresultsasa ratio of F'4/F4(Dipole),
demonstratingINER~A’ s ability to distinguishbetweerdifferentmodelsof F 4.
We shaw thethreedifferentmodels(describeckarlier)for F4 asafunctionof Q?
. Model 2 is afactorof 5 lower at high Q?, asindicatedby G%,/G*, data,model
3 (basedon duality is a factorof 1.4 higher MINERvA will be ableto measure
the axial nucleonform-factor with precisioncomparableto vector form-factor
measurementat JLabh Note that resolutioneffectsarestill not includedin this
extractionof F; however, the typical ? resolutionfor quasi-elasticeventsat
high@? is X 0.2 (GeV/c)? which is smallerthanthebin size.

Figure7 and8 shaws the extractionof F4, from Miller, Baker, andKitagaki,
using their plots of do/dg®. Figure 8 shaws thatfor @Q* > 2 (GeV/c)? there
is essentiallyno measurementf F,. Eventhe measurementsf F4 of Q2 belov
2 (GeV/c)* havessignificanterror, henceonecannotassume, is adipolefor low
Q?. Themaximum@? valuesthatcanbeachiezedwith incidentneutrinoenegies
0f 0.5,1.0,1.5and2 GeV are0.5,1.2,2.1and3.0 (GeV/cY, respectiely. Since
K2K, MiniBooNE, and J-FARChu enegiesarein the 0.7-1.0GeV range,these
experimentsprobethe low Q? < 1 (GeV/cy region wherenucleareffects are
large (seeFigures9 and11). Thelow Q? (Q? < 1 (GeV/cY) MiniBooNE and
K2K experimentshave begunto investigatehe variousnucleareffectsin carbon
and oxygen. However, the higher ? dataare only accessiblén higherenegy
experimentdike MINERvA, which canspanthe2—-8 GeV neutrinoenegy range.
MINERvA’s measurementf the axial form-factor at high Q? will be essential
to a completeunderstandingf the vectorandaxial structureof the neutronand
proton.

1.4 Nuclear Effectsin Quasi-elastic Scattering
1.4.1 Fermi gas model

Therearethreeimportantnucleareffectsin quasi-elastiscatteringfrom nuclear
targets:Fermimotion,Pauli blocking,andcorrectiongo the nucleonform-factors
dueto distortionof the nucleons sizeandits pion cloudin the nucleus.Figure9

shavsthe nuclearsuppressionersusE, from a NUANCE[20] calculation[§ us-
ing the Smith and Moniz[21] Fermigasmodelfor carbon. This nuclearmodel
includesPauli blocking and Fermi motion but not final stateinteractions. The
Fermigasmodelusesa nuclearbindingenegy ¢ = 25 MeV andFermimomen-
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17Nucl. Corr., Fermi Gas, C,,, Eg\p=25 MeV

O.9§

0.8f // .... :
O 7: "c‘

0.6F /_:"

0.5F

-----

Nuclear Correction

0.4F

0.3F

0.2f

r —neutring
0.1-

----- antineutrino

0:\\\\\\\\\\\\\\\\\\\\\\\
0 0.5 1 15 2 2.5 3

E, (GeV)

Figure9: Pauli suppressioin a Fermigasmodelfor carbonwith bindingenegy
e = 25 MeV andFermimomentumk; = 220 MeV/c. A similar suppressiolis
expectedfor quasi-elasticeactionan MINERvA.

tum k£, = 220 MeV/c. Figure10from Moniz et. al.[21] shavs how the effective
k¢ andnuclearpotentialbinding enegy e (within a Fermi-gasmodel)for various
nucleiis determinedrom electronscatteringdata. The effective & is extracted
from the width of the scatterectlectronenepy distribution, andthe binding en-
ergy ¢ from the shiftedlocationof the quasi-elastipeak.

1.4.2 Bound nucleon form-factors

Thepredictedlistortionsof nucleonform-factorsdueto nucleambindingareshavn
in Figure 11 astheratiosof Fi, F», and F4 for boundandfree nucleons.With
avariety of nucleartargets, MINERvA will be ableto comparemeasuredorm-
factorsfor arangefrom light to heary nuclei. Figure 6 shavs the suppressiomf
the crosssectiondueto boundform factors. Figure 1.4.2shows do/dq? for an
enegiesthat are designedo simulateMiniboone and K2K. The plot shavs the
suppressiomtlow )? dueto the boundedorm factors.

Also shavn on Figurel1.4.2is theeffect of requiringthe vectorandaxial con-
tributionsfor W, to beequalfor Q* > 0.5 (GeV/c)?. As shavn ontheplot this
givesanothersuppressionf low Q? relative to high Q2. Figurel.4.2alsoshovs
theratio of do/dg? for the variousassumptions$o do/dq? calculatedwith dipole
form form factors.
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Figurel0: Extractionof Fermigasmodelparametergheeffective Fermimomen-
tum k£, andnuclearbindingenepy ¢, from 500MeV electronscatteringdata[21].
Distributionsshown correspondo scatteringrom (a) carbon,(b) Nickel, and(c)
Lead.

1.4.3 Intra-nuclear rescattering

In neutrinoexperiments detectionof the recoil nucleonhelpsdistinguishquasi-
elasticscatteringfrom inelasticreactions.Knowledgeof the probability for out-
going protonsto reinteractwith the target remnantis thereforehighly desirable.
Similarly, quasi-elastiscatteringvith nucleondn the high-momentuntail of the
nuclearspectraffunction needsto be understood.More sophisticatedreatments
thanthesimpleFermigasmodelarerequired.Corverselyinelasticreactiongmay
bemisidentifiedasquasi-elastidf afinal-statepionis absorbedn thenucleus Be-
causeof its constrainekinematics,Jow-enegy neutrino-oscillatiorexperiments
usethequasi-elastichanneto measurehe (oscillated)neutrinoenegy spectrum
atthefar detector;ithe uncertaintyin estimationof this backgrounddueto proton
intra-nucleamrescatterings currentlyan importantsourceof systematicerrorin
theK2K experiment.
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Ratios of Bounded to Free Form Factors
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Figurell: Theratio of bound(in carbon)}o free nucleonform-factorsfor F, Fy,
andF4 from Ref[7]. Binding effectsontheform-factorsareexpectedo besmall
athigher@? (thereforethis modelis notvalid for Q* > 1 (GeV/cYy).

Thebestway to studytheseeffectsis to analyzeelectronscatteringon nuclear
tamgets(including the hadronicfinal states)andtestthe effectsof the experimen-
tal cutson the final-statenucleons.MINERvA canaddresgrotonintra-nuclear
rescatterindpy comparingnuclearbindingeffectsin neutrinoscatteringon carbon
to electrondatain similar kinematicregions. Indeed, MINERvA memberswill
be working with the CLAS collaborationto study hadronicfinal statesin elec-
tron scatteringon nucleartargetsusingexisting JLabHall B data. This analysis
will allow theoreticalmodelsusedin both electronand neutrinoexperimentsto
betested.Otherwork in progresswith the Ghent[22 nucleamphysicsgroup,will
developthetheoreticatoolsneededo extractthe axial form-factorof thenucleon
using MINERvA quasi-elastiadataon carbon. The ultimate aim is to perform
nearlyidenticalanalyse®nbothneutrinoandelectronscatteringlatain thesame
rangeof Q.
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Figure12: do/dq? assumingvariousmodelsof form factors.We use M 4,=1.014
GeV/c

. The curve labeled’Free dipole FF” hasno correctionto dipole form Factors.
"Free BBA FF” hasno correctionto BBA-Form Factors. ’BoundedFF” putsin
the binding effectson the form factorsfrom ref [7]. "BoundedFF, V=A" shows
the duality predictionwith Boundedform factors. The top setof plots shavs
do /dg?, while the bottomsetof plots shaws the ratio of do/dq? to do/dg* with
dipolefreeform factors.The Q? upperlimit ontheplot is the kinematiclimit.
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